To gain fertilizing capacity, mammalian sperm should reside in the female tract for a period of time. The physiological changes that render the sperm able to fertilize are known as capacitation. Capacitation is associated with an increase in intracellular pH, an increase in intracellular calcium, and phosphorylation of different proteins. This process is also accompanied by the hyperpolarization of the sperm plasma membrane potential (Em). In the present work, we used flow cytometry to analyze changes in sperm Em during capacitation in individual cells. Our results indicate that a subpopulation of hyperpolarized mouse sperm can be clearly distinguished by sperm flow cytometry analysis. Using sperm bearing green fluorescent protein in their acrosomes, we found that this hyperpolarized subpopulation is composed of sperm with intact acrosomes. In addition, we show that the capacitation-associated hyperpolarization is blocked by high extracellular K + , by PKA inhibitors, and by SLO3 inhibitors in CD1 mouse sperm, and undetectable in Slo3 knockout mouse sperm. On the other hand, in sperm incubated in conditions that do not support capacitation, sperm membrane hyperpolarization can be induced by amiloride, high extracellular NaHCO 3 , and cAMP agonists. Altogether, our observations are consistent with a model in which sperm Em hyperpolarization is downstream of a cAMPdependent pathway and is mediated by the activation of SLO3 K + channels.
INTRODUCTION
After ejaculation, sperm have not yet acquired full fertilizing capacity. They need to undergo a maturational process in the female reproductive tract known as capacitation [1] . In mouse sperm, capacitation depends on fast activation of cAMPdependent pathways, lipid remodeling of the plasma membrane [2] [3] [4] , increases in intracellular pH (pH i ) [5, 6] and intracellular Ca 2þ concentration ([Ca 2þ ] i ), and an increase in protein tyrosine phosphorylation [7] [8] [9] [10] . At the functional level, capacitation induces changes in the motility pattern (e.g., hyperactivation) [1] and prepares the sperm to undergo a physiologically stimulated acrosome reaction (AR) [11] [12] [13] . Altogether, these changes render the sperm able to fertilize the egg.
It has been shown that capacitation in mouse sperm is also accompanied by hyperpolarization of the sperm plasma membrane potential (Em) [14] . The resting Em of noncapacitated mouse sperm lies between À35 and À45 mV and, after capacitation, this value reaches approximately À65 mV [15] [16] [17] [18] [19] [20] [21] [22] [23] . It has been hypothesized that this hyperpolarization is required to remove inactivation from T-type voltage-dependent Ca 2þ channels (CaV3), which could then be activated during the AR by physiological agonists (e.g., ZP) [14, [24] [25] [26] . Although CaV3 channels can be detected by patch clamp in testicular sperm [27] , their activity is lost in epididymal sperm [28] , raising questions about the presence of this type of Ca 2þ channel in mature sperm. Considering these data, the exact role of sperm hyperpolarization is not completely clear. However, our group has recently shown that, at least in mouse sperm, sperm membrane hyperpolarization is necessary and sufficient for an agonist-induced AR [15] .
The molecular mechanisms involved in sperm hyperpolarization are not well established. Among the most likely possibilities, changes towards a more negative Em during sperm capacitation can be explained by: 1) the opening of K þ channels, such as SLO3 [21, 29, 30] or other inward rectifiers [20, 31] or 2) the closing of Na þ channels, such as the amiloride-sensitive epithelial Na þ channels (ENaCs; [18, 32] ) mediated by activation of the cystic fibrosis transmembrane regulator (CFTR; [32] [33] [34] [35] ). Favoring the first hypothesis is the observation that sperm from Slo3-null mice do not undergo the capacitation-associated hyperpolarization [31, 33, 36, 37] . In support of the second explanation, it has been established that permeability to Na þ contributes to the sperm resting Em and that addition of amiloride is sufficient to hyperpolarize the sperm membrane in conditions that do not support capacitation. In a recent article, Santi's group evaluated both hypotheses using wild-type and Slo3-null sperm, and showed that, although inhibition of Na þ channels does induce hyperpolarization, closing of Na þ channels may not be the main mechanism by which the sperm membrane is hyperpolarized during capacitation [29] . The authors concluded that the most likely molecular mechanism responsible for membrane hyperpolarization in sperm is the activation of SLO3 K þ channels. Observations by multiple laboratories indicate that the sperm population is heterogeneous, and that only a fraction undergoes capacitation [32, 37] . However, most of what is known about the molecular basis of sperm capacitation derives from experiments using whole sperm populations. These suspensions contain sperm at different capacitation stages and also subpopulations of dead sperm. To analyze different populations, recent studies have used single-cell analysis [38] [39] [40] , flow cytometry of capacitated sperm [5, 32, [41] [42] [43] , and combinations of both [44, 45] . In particular, using singlecell analysis, Arnoult et al. [14] have shown that only a fraction of the sperm undergo hyperpolarization during capacitation. These authors concluded that the measured Em of approximately À65 mV results from the combination of at least two sperm subpopulations, one with an Em of approximately À35 mV, similar to the one from noncapacitated sperm, and the other one of approximately À80 mV, closer to the theoretical K þ equilibrium. Although single-cell analysis is excellent for detecting local and population sperm heterogeneities, this approach is not useful for high-throughput studies. On the other hand, flow cytometry can analyze tens of thousands of cells in a fraction of the time required for single-cell studies.
We have previously used Na þ Green fluorescent probes in whole populations and a combination of CoroNa Red and propidium iodide (PI) in flow cytometry analysis to investigate how intracellular Na þ changes during capacitation [32] . In the present work, we used anionic fluorescent voltage-sensitive probes (DiSBAC 2 (3)) to investigate the behavior of a sperm population in regard to its Em. For this purpose, we double stained sperm suspensions with both DiSBAC 2 (3) and PI to analyze Em changes in live sperm. These experiments show that only a fraction of the sperm incubated under capacitating conditions undergoes hyperpolarization. Our experiments also indicate that inhibitors of either PKA or SLO3 prevent hyperpolarization, and that sperm from Slo3 knockout (KO) mice do not display a hyperpolarized population. Overall, our observations are consistent with the hypothesis that, in a subpopulation of capacitated mouse sperm, SLO3 K þ channels are activated downstream of a cAMP/PKA signaling pathway, causing hyperpolarization of the sperm plasma membrane.
MATERIALS AND METHODS

Materials
Chemicals were obtained from the following sources: bovine serum albumin (BSA; fatty acid-free), dibutyryl-cAMP (db-cAMP), 3-isobutyl-1-methylxanthine (IBMX), amiloride hydrochloride hydrate, carbonyl cyanide mchlorophenylhydrazone, valinomycin, clofilium tosylate, and progesterone from Sigma; H-89 from Cayman Chemical Company; rabbit monoclonal antiphospho-PKA substrate (clone 100G7E) from Cell Signaling (Danvers, MA); anti-phosphotyrosine (pY) monoclonal antibody (clone 4G10) from EMD Millipore; horseradish peroxidase-conjugated anti-mouse and anti-rabbit IgG from Jackson ImmunoResearch Laboratories (West Grove, PA) and GE Life Sciences, respectively; and PI, DiSBAC 2 (3) fluorescent voltage sensor probes, and 3,3 0 -dipropylthiadicarbocyanine iodide (DiSC3(5)) from Invitrogen/Life Technologies.
Mouse Sperm Preparation
CD1 retired male breeders (Charles River Laboratories, Wilmington, MA), acrosin-GFP (Acr-GFP) transgenic male (7-8 wk old), and Slo3 À/À male mice (7-8 wk old) were used in accordance with Institutional Animal Care and Use Committee at the University of Massachusetts-Amherst guidelines. The Acr-GFP CF1 is a transgenic mouse line that accumulates mutated green fluorescent protein (EGFP) in the sperm acrosome [46] . Sperm were obtained from cauda epididymis in a 1-ml drop of Whitten Hepes-buffered medium. This medium does not support capacitation unless supplemented with 5 mg/ml BSA (fatty acid free) and 15-25 mM of NaHCO 3 . After 10 min, the fraction of motile sperm was diluted four times in the appropriate medium, depending on the experiment performed. Media supplemented with BSA, but not with HCO 3 À , do not support capacitation-associated processes, such as the activation of cAMP-dependent pathways, the increase in tyrosine phosphorylation, and the ability to fertilize in vitro. Therefore, we have used this medium lacking only HCO 3 À as not supporting capacitation. For capacitation, NaHCO 3 was added to final concentrations of 15-25 mM. Sperm were incubated in capacitation medium at 378C for different time periods, depending on the experimental design. To test the effect of different compounds (e.g. clofilium, amiloride, and H89), sperm were preincubated with inhibitors in noncapacitating medium for 15 min prior to beginning of the capacitating period.
SDS-PAGE and Immunoblotting
Western blots were conducted as previously described [8] . Briefly, after treatment, sperm were collected by centrifugation, washed in 1 ml of PBS, resuspended in Laemmli sample buffer without b-mercaptoethanol, and boiled for 5 min. After centrifugation, 5% b-mercaptoethanol was added to the supernatants, and the mixture was boiled again for 5 min. Protein extracts equivalent to 1-2 3 10 6 sperm were loaded per lane and subjected to SDS-PAGE and electrotransfer to polyvinylidene fluoride (PVDF) membranes (BioRad) at 250 mA for 60 min on ice. Membranes were treated with 5% fat-free milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (T-TBS) for antipPKA immunodetection and with 20% fish skin gelatin (Sigma) in T-TBS for anti-pY. Antibodies were diluted in T-TBS as follows: 1/10 000 for anti-PY (clone 4G10), 1/5000 for anti-pPKA (clone 100G7E). After incubation with secondary antibodies (1/10 000 in T-TBS), enhanced chemiluminescence detection kit (ECL plus; GE Healthcare) was used according to the manufacturer's instructions. Anti-PY blots were developed by ECL (regular strength). Tyrosine-phosphorylated hexokinase, which is constitutively phosphorylated on tyrosine residues and does not change its level of phosphorylation during capacitation [47] , served as a loading control. When necessary, PVDF membranes were stripped at 658C for 15 min in 2% SDS, 0.74% bmercaptoethanol, 62.5 mM Tris, pH 6.5, and washed six times for 5 min in T-TBS. In all experiments, molecular masses were expressed in kDa.
Sperm Analysis by Flow Cytometry
Sperm from cauda epididymis were allowed to swim in Whitten Hepesbuffered medium for 10 min. These sperm were incubated in Whitten Hepesbuffered media containing 5 mg/ml of BSA with or without the addition of 25 mM NaHCO 3 for a period of 60 min at 378C. To test the effect of different compounds (e.g. clofilium, amiloride, and H-89), sperm were incubated with the respective compound for 15 min prior to incubation in capacitating medium. These sperm were then loaded with 15 lM of DiSBAC 2 (3) fluorescent voltage sensor by incubation for 30 min at 378C in Whitten Hepes-buffered medium containing (or not containing) 25 mM NaHCO 3 . Before assaying the sperm by flow cytometry, sperm suspensions were filtered through a 100-lm nylon mesh (Small Parts, Inc.) as previously described [31] , and 2.1 lM of propium iodide (PI) was added. Analyses were conducted using an LSR II flow cytometer (Becton Dickinson, San Jose, CA). DiSBAC 2 (3), PI, and GFP were excited using a 488-nm argon excitation laser. Nonviable cells became PI positive, and their red fluorescent signal detected as fluorescence of wavelength .670 nm. Orange fluorescence from DiSBAC 2 (3)-positive cells was detected at 561-606 nm. Finally, acrosome-intact sperm cells remained GFP positive, and their green fluorescence detected at 515-545 nm. The three indicators had minimal emission overlap. Compensation was done as per Roederer guidelines (available at http://www.drmr.com/compensation). Nonsperm events were gated out from analyses by judging the events' scatter properties, as detected in the forward-scatter (FSC) and sideways-scatter (SSC) detector, respectively (scatter-gated sperm analysis). Recording of scatter and fluorescent properties of all events stopped when 50 000 events were reached. Two-dimensional plots of SSC and FSC properties, as well as of PI fluorescence or GFP versus DiSBAC 2 (3) fluorescence, were obtained using FlowJo v7.6 software (Flowjo, LLC, Data Analysis Software, Ashland, OR). Average values of DiSBAC 2 (3) fluorescence were calculated with the equation, (F/F0) 3 100, where F0 corresponds to DiSBAC 2 (3) fluorescence from live sperm incubated for 1 h in noncapacitating conditions and F corresponds to the respective experimental condition (e.g., clofilium, amiloride, capacitating conditions, etc).
Em Assessment in Sperm Populations
Em was measured as previously described [18] . Briefly, sperm were collected as indicated above, diluted in the appropriate medium, and capacitated ESCOFFIER ET AL.
for different time periods, depending on the experiment. At 8 min before the measurement, 1 lM DiSC3(5) (final concentration) was added to the sperm suspension and further incubated for 5 min at 378C. One lM carbonyl cyanide m-chlorophenylhydrazone (final concentration) was then added to collapse mitochondrial potential, and sperm were incubated for an additional 2 min. After this period, 1.5 ml of the suspension was transferred to a gently stirred cuvette at 378C, and the fluorescence (620/670 nm excitation/emission) was recorded continuously. Calibration was performed as described previously [23] by adding 1 lM valinomycin and sequential additions of KCl.
FIG. 1. Flow cytometry analysis reveals that capacitated sperm are composed of two subpopulations depicting different Ems. A-C)
Whole-population analysis. Em was measured in mouse sperm in Whitten medium by using 1 lM DiSC3(5) and 1 lM carbonyl cyanide m-chlorophenylhydrazone (CCCP) to collapse mitochondrial potential. Representative fluorescence traces were used to measure resting Em, which show noncapacitated (A) or capacitated (B) sperm, and the calibration obtained by adding 1 lM valinomycin followed by sequential additions of K þ . C) Summary of the sperm Em under different conditions (mean 6 SEM; n ¼ 3; *P 0.05). D-I) Flow cytometry analysis. After swimming in Whitten Hepes-buffered medium for 10 min, cauda epididymal sperm were capacitated, or not, in Whitten Hepes-buffered medium containing BSA with the addition of 15 mM HCO 3 À (CAP), or not (NON), for 1 h. Then, the sperm were loaded with 15 lM of DiSBAC 2 (3) fluorescent voltage sensor in Whitten Hepes-buffered medium containing NaHCO 3 , or not, at 378C. After 30-min incubation, PI was added and the sperm population analyzed by flow cytometry. D and E) Two-dimensional dot plot SSC versus FSC analysis of NON capacitated sperm in the absence (D) or in the presence (E) of 0.1 % triton. These analyses allowed differentiating events corresponding, or not, to sperm cells as explained in Results. F and G) Sperm events were selected for DiSBAC 2 (3) versus PI two-dimensional fluorescence dot plot analysis of sperm incubated under conditions that do not support capacitation (F: NON) or do support capacitation (G: CAP). Two-dimensional dot plots shown in F and G were used to distinguish between sperm with low (live) and high (dead) PI staining. H and I) Live sperm populations of sperm incubated under conditions that do not support (NON) or do support (CAP) capacitation were used independently for histogram analysis depicting percentage of sperm versus DiSBAC 2 (3) fluorescence.
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Fluorescence Microscopy Analysis
To verify staining patterns of GFP-positive acrosomes, sperm suspensions were fixed with 4% of paraformaldehyde and then mounted on a slide, as previously described [48] . Fluorescence images of sperm were captured with a Zeiss Axiovert 200M microscope outfitted with a 360 oil immersion objective and a Hamamatsu Orca-AG cooled CCD camera controlled by AxioVision software 4.6 (Zeiss).
Statistics
Statistical analyses were performed using SigmaPlot (version 10; Systat Software, Inc., San Jose, CA). In order to account for sperm sample variability between males, we used a paired t-test. Data represent mean 6 SEM. P values of 0.05, 0.01, or 0.001 were considered to indicate statistically significant differences.
RESULTS
Only a Sperm Subpopulation Undergoes Plasma Membrane Hyperpolarization During Capacitation
The sperm Em can be measured in whole populations using the cationic fluorescent probe, DiSC 3 (5). This method is based on the distribution of the positively charged fluorescent probe, which is quenched inside the cell. Measurements are achieved by calibration with the K þ ionophore valinomycin and gradual increases in the extracellular K þ concentration, as previously described [16] . Using these population analyses, under noncapacitating or capacitating conditions, the sperm Em was of approximately À40 mV and À60 mV, respectively (Fig. 1, A-C) . To investigate how individual cells contribute to the overall Em, sperm were loaded with the anionic dye, DiSBAC 2 (3), along with PI to differentiate between live and dead sperm, and the distribution of their Em analyzed by flow cytometry. Contrary to DiSC 3 (5), the DiSBAC 2 (3) fluorescence increases inside the cell, and is therefore more suitable for flow FLOW CYTOMETRY ANALYSIS OF SPERM HYPERPOLARIZATION cytometry analysis. Considering the DiSBAC 2 (3) properties, a more hyperpolarized sperm population would present less overall fluorescence due to anionic dye cell efflux. To discriminate sperm cells from nonsperm particles passing through the flow cytometer detector, two-dimensional SSC-FSC scatter dot plots were used in the absence and in the presence of 0.1% Triton X-100 (Fig. 1, D and E) as previously described [32] . Once nonsperm events were gated out, twodimensional fluorescence dot plots of DiSBAC 2 (3) versus PI (to label DNA of dying cells) were created. These dot plots were used for the analysis of Em changes in sperm incubated in media that either do not support (BSA; Fig. 1F) or support (Fig.  1G ) capacitation. A subpopulation of capacitated live sperm (negative for PI staining) when compared to noncapacitated live sperm exhibited a lower DiSBAC 2 (3) fluorescence, indicating that those cells had undergone Em hyperpolarization (Fig. 1, H and I ). As expected, increasing extracellular K þ blocked the capacitation-induced sperm Em hyperpolarization in a concentration-dependent manner, and consequently the low DiSBAC 2 (3) fluorescence sperm subpopulation was not detected (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org). Altogether, these data indicate that the average Em observed in population analyses of capacitated sperm has at least two distinct components: one arising from sperm having an Em close to that of noncapacitated cells, and another from those undergoing hyperpolarization.
Recently, we have shown that sperm hyperpolarization is necessary and sufficient for an agonist-induced AR [15] . Considering that the Em from a capacitated sperm population is typically taken as the average between two subpopulations, the status of the acrosome in these subpopulations was evaluated using genetically modified mice that carry Acr-GFP in their sperm acrosomes and lose it after the AR (Supplemental Fig.  S2 ) [46] . Similarly to wild type, we found that capacitated GFP-containing sperm populations are composed by two different subpopulations: one with more hyperpolarized plasma membrane than the other (Fig. 2, A-C) . Interestingly, this hyperpolarized subpopulation is composed almost completely of GFP-positive sperm (Fig. 2C) . On the other hand, the cell subpopulation depicting a more depolarized membrane (or more positive Em) is composed of both intact and acrosomereacted sperm (Fig. 2, A and C) . Another representation of these data plotting GFP versus DisBAC 2 (3) fluorescence of the live-sperm population shows that AR sperm are composed almost exclusively of the depolarized population, and that almost all hyperpolarized sperm have an intact acrosome (Fig.  2C) . À into sperm promotes cAMP synthesis through activation of the atypical soluble adenylyl cyclase 10 [49, 50] and subsequent PKA activation. This activation of a cAMPdependent pathway is upstream of the capacitation-associated increase in tyrosine phosphorylation [51] . To investigate the role of this pathway in the regulation of sperm hyperpolarization, a series of gain-of-function and loss-of-function experiments were conducted. First, the effect of DisBAC 2 (3) in capacitation-induced phosphorylation pathways was evaluated by Western blots using anti-phospho PKA substrates and antiphosphotyrosine antibodies, as described previously [8] . Neither PKA activation nor the increase in tyrosine phosphorylation was affected by the dye (Fig. 3A) . Second, sperm loaded with DiSBAC 2 (3) were incubated in either HCO 3 À -free media (which does not support capacitation) or in the same media containing increasing HCO 3 À concentrations (Fig. 3, B-F) . In these conditions, the percentage of sperm undergoing membrane hyperpolarization increased as a function of HCO 3 À FIG. 5. PKA inhibition by H-89 blocks hyperpolarization of sperm incubated in capacitation-supporting media. Cauda epididymal sperm were incubated in media that support capacitation in the absence (A, CAP) or in the presence of increasing concentrations of H-89 (1, 5, 10, 20, and 50 lM; B-F, respectively) for 1 h and then loaded with DiSBAC 2 (3), as described in the Materials and Methods, for 30 min. Sperm populations were analyzed using DiSBAC 2 (3) versus PI two-dimensional dot plots of sperm in the aforementioned conditions. Three independent experiments were conducted and data (G) are presented as the mean 6 SEM percentage of hyperpolarized live sperm (***P 0.001).
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concentration. The normalized mean fluorescence from three independent experiments was used to calculate the percentage of hyperpolarized live sperm in each condition and summarized in Figure 3G . Third, addition of cAMP agonists (1 mM dbcAMP plus 100 lM IBMX) to sperm incubated in HCO 3 À -free media increased the percentage of hyperpolarized sperm to the same extent as with HCO 3 À (Fig. 4, A-F) . The normalized mean fluorescence from three independent experiments was used to calculate the percentage of hyperpolarized live sperm and summarized in Figure 4G . Conversely, sperm incubation with increasing concentrations of the PKA inhibitor H89 significantly reduced the percentage of sperm membrane hyperpolarization (Fig. 5, A-G) . Altogether, results shown in Using whole-sperm-population Em measurements, our group, as well as others [18, 21, 29, 32] , has shown that conditions that either block Na þ influx or increase K þ efflux are able to induce sperm hyperpolarization. However, these experiments were silent regarding how different sperm subpopulations contributed to the overall Em. This problem can be addressed using flow cytometry analyses. We have previously shown that amiloride blocks an Na þ permeability in sperm [18] and induces sperm membrane hyperpolarization in the absence of capacitation. The effect of this compound was evaluated in sperm incubated in conditions that do not support capacitation. In these conditions, amiloride increased the percentage of sperm undergoing hyperpolarization in a concentration-dependent manner (Fig. 6, A-G) .
Although it is clear that Na þ permeability plays an essential role in maintaining the resting sperm Em, recent work from our group [29] has shown that the capacitation-induced hyperpolarization may not be due to closing of Na þ channels, but mostly to the opening of K þ channels. Several lines of evidence suggest that, at least in mouse sperm, regulation of SLO3, a sperm-specific K þ channel, mediates the changes in the sperm Em. To evaluate the contribution of SLO3 to the Em in sperm subpopulations, both a pharmacological and a genetic approach were used. First, in the presence of increasing concentrations of clofilium, a SLO3 inhibitor, the hyperpolarized subpopulation was not observed (Fig. 7, A-G) .
Second, to further investigate the role of SLO3 channels in sperm hyperpolarization, sperm from Slo3 À/À mice were loaded with DiSCBAC 2 (3), as described above, and incubated in conditions that support capacitation (Fig. 8, A-F) . Sperm from Slo3-null mice were unable to exhibit a hyperpolarized sperm subpopulation during capacitation when compared to control sperm. Most interestingly, both the phosphorylation of PKA C-E, respectively). After 1-h incubation in each condition, the sperm were loaded with DisBAC a (3), as described in the Materials and Methods, for 30 min and then analyzed by flow cytometry. Data are presented as DiSBAC 2 (3) versus PI two-dimensional dot plots. Three independent experiments were conducted, and the mean 6 SEM of hyperpolarized live sperm versus amiloride concentration is presented in F (***P 0.001). NS, nonsignificant.
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substrates, as well as that in tyrosine residues, was not affected by clofilium in sperm from either CD1 (Fig. 8G) or Slo3 KO (Fig. 8H) mice. These data, together with those presented above (Fig. 7) , are consistent with the hypothesis that PKA activation is upstream of the changes in Em observed during sperm capacitation.
DISCUSSION
Mammalian sperm undergo capacitation in the female reproductive tract before acquiring fertilizing capacity. Studies on the capacitation process in vitro have revealed that sperm are not represented by a homogeneous population. First, in many species, computer-assisted sperm analysis has shown that not more than 20 % of the sperm population achieved hyperactivation upon capacitation [52, 53] . Second, depending on the species, between 10% and 30% of the sperm undergoes a spontaneous AR, and that, from the remaining sperm, not more than 40% can undergo the AR after being exposed to either progesterone or solubilized zona pellucidae. More surprising is the observation that, even under conditions in which [Ca 2þ ] i is artificially elevated by incubation with Ca 2þ ionophores, such as ionomycin or A23187, only 50%-70% of sperm undergoes exocytosis. The reason for this heterogeneity is not understood. However, because, in addition to capacitation, mammalian sperm are also required to mature in the male epididymis, one possibility is that the heterogeneity is due to different stages of epididymal maturation. It can also be hypothesized that having sperm at different stages of capacitation could extend the time period in which sperm are able to fertilize, spreading in this way the reproductive fitness of the species even if a high percentage of them fails to capacitate.
In whole-population analyses, it has been well established that sperm incubated in a capacitation-supporting medium undergo: 1) an HCO 3 À -dependent increase in cAMP levels followed by a rapid activation of PKA; 2) pH i alkalinization; 3) elevation of [Ca 2þ ] i ; 4) hyperpolarization of the plasma membrane (Em); and 5) increase in tyrosine phosphorylation. It is not known, however, how these signaling events are activated in different fractions of the sperm population and whether the sperm undergoing one of these events (e.g. PKA activation) are the same ones experiencing the other capacitation-dependent signaling pathways. To investigate the molecular basis of sperm population heterogeneity, it is therefore necessary to find methods that can classify and separate sperm subpopulations depending on their state of capacitation. Among these methodologies, single cell analysis allows to classification of a particular cell into different stages of capacitation [38] [39] [40] . We have previously used Fluo-4 to evaluate the number of sperm depicting increases in [Ca 2þ ] i after treatment with solubilized zona pellucidae, and where they may occur [15] . Although these methods are very powerful, the amount of cells studied is limited. Another strategy generally used to evaluate single cell behavior in a much larger population is flow cytometry. Flow cytometry can be used to analyze different parameters in thousands of individual sperm within seconds [5, 32, [41] [42] [43] . These methods have been applied to study sperm viability, changes in mitochondrial Em, sperm size [41] , and for sexing mammalian sperm using DNA staining dyes [54] . 
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Previously, we have used flow cytometry of CoRoNa Redloaded sperm to study how intracellular Na þ changes during capacitation. Our results indicate that during capacitation, [Na þ ] i decreases in a sperm subpopulation [32] . In the present work, we used the anionic dye DiSBAC 2 (3) to investigate the resting Em in sperm populations incubated under different conditions. First, our results indicate that, regarding their Ems, sperm incubated in media that do not support capacitation are constituted by mainly one population. On the other hand, sperm incubated under capacitating conditions distribute in two defined subpopulations: one with similar DiSBAC 2 (3) average fluorescence to the noncapacitated sperm single population, the other one depicting less fluorescence. These results are consistent with those measuring Em in single cells using di8-ANEPPS, a fast, voltage-sensitive fluorescent dye [14] , and suggest that about 50% of capacitated sperm undergo hyperpolarization as part of the capacitation process. Second, the hyperpolarized population is almost exclusively formed by sperm presenting an intact acrosome. Third, we show here that the separation of the capacitated sperm population into two distinct subpopulations, one more hyperpolarized than the other, is downstream of a cAMP-dependent signaling pathway. This conclusion is based on findings that the percentage of hyperpolarized sperm: 1) is dependent on extracellular HCO 3 À concentration; 2) increased with the addition of permeable cAMP agonists; and 3) was inhibited by the PKA antagonist H89 in a concentration-dependent manner. Fourth, consistent with previous reports, amiloride's blockade of Na þ permeability in sperm incubated under noncapacitating conditions increased the percentage of hyperpolarized sperm to the same level as that obtained with sperm incubated under capacitating conditions. Finally, a K þ channel inhibitor blocked the capacitation-induced hyperpolarization, and the hyperpolarized
FIG. 8. Sperm from Slo3
À/À mice do not undergo capacitation-associated hyperpolarization. Cauda epididymal sperm from control (A) and Slo3 À/À (B) mice were incubated for 1 h in conditions that support capacitation and loaded with DiSBAC 2 (3), as described in the Materials and Methods, for 30 min. The capacitation-associated hyperpolarization was analyzed using DiSBAC 2 (3) versus PI two-dimensional fluorescence dots plots. Live sperm populations of sperm incubated under conditions that support capacitation from control and Slo3 À/À mice were used for histogram analysis depicting percentage of sperm versus DiSBAC 2 (3) fluorescence (C and D, respectively). Merged data are presented in E. Three independent experiments were conducted, and the mean 6 SEM of hyperpolarized live sperm are presented (F) (***P 0.001). G and H) Western blots using anti-p-PKAS or anti-PY antibodies of sperm extracts from control mice (G) and Slo3 À/À mice (H) incubated in conditions that support (CAP) or do not support (NON) capacitation in the presence or absence of 50 lM of clofilium, as indicated in the figure text.
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As mentioned in the Introduction, the presence of T-type voltage-dependent CaV3 Ca 2þ channels has been questioned [28] . However, more recently, Cohen et al. [55] have presented evidence that CaV2.3 channels participate in the regulation of the AR. These authors proposed that activation of CaV2.3 requires hyperpolarization-induced relief from voltage-dependent inactivation. More interestingly, the authors found that ;50% of the capacitated sperm population responded to the ganglioside GM1 during AR stimulation. Interestingly, we have recently presented evidence that hyperpolarization is also involved in the regulation of Ca 2þ entry through CatSper channels [56] . Although the role of CaV channels needs to be further investigated, it has been shown that sperm incubated in conditions that block hyperpolarization fail to undergo the ZPinduced AR [20, 22, 31] . Regarding the molecular mechanisms involved in the regulation of the capacitation-induced hyperpolarization, work from several laboratories, including ours, has proposed the involvement of ENaC, CFTR, and K þ channels in sperm hyperpolarization [57] . Sperm hyperpolarization can be explained by either a block of Na þ channels (e.g., ENaC) and/or by activation of K þ channels (e.g., SLO3). Our results are silent regarding these alternative hypotheses. However, in a recent work from our group using Slo3 KO sperm [29] , we presented evidence suggesting that the capacitation-induced hyperpolarization is mainly due to pH iregulated opening of K þ channels, and not to closing of Na þ channels. The SLO3 K þ channel is a member of the highconductance SLO K þ channel family, and was cloned in 1998 by the Salkoff laboratory [58] . These channels are only present in mammalian sperm and are activated by intracellular alkalization and membrane depolarization [28, 32, 33] . SLO3 channels are fairly resistant to blockage by external TEA (a typical K þ channel blocker), but are very sensitive to low concentrations of external Ba 2þ , clofilium, and quinidine [30, 31] .
The conclusion that SLO3 K þ channels are principally responsible for the capacitation-associated hyperpolarization is based on the following previous observations [27] : 1) eliminating the contribution of the SLO3 channel, either by the use of the Slo3 KO mutant or by pharmacological agents that block SLO3 K þ permeability in wild-type sperm, significantly inhibits the capacitation-associated hyperpolarization of the sperm plasma membrane; 2) all experiments revealed that the increase in SLO3 K þ permeability was the essential factor in capacitation, while a significant reduction in Na þ permeability was not observed; and 3) an additional finding was that exposure to external pH 8 both before and after capacitation evokes membrane hyperpolarization in wildtype sperm, but not in Slo3 KO mutant sperm. Similar results were observed in wild-type sperm incubated in the presence of pharmacological agents that block SLO3 K þ permeability. In these experiments, a significant reduction in Na þ permeability was not detected. Notably, these latter results suggest a role of pH i in the regulation of the sperm Em.
Considering the necessity of PKA activation for the observed hyperpolarization, these results are consistent with the hypothesis that changes in pH i mediate at least in part the cAMP response. In addition to the mouse, the capacitationinduced hyperpolarization has been described in stallion [59] and human [60] sperm. Altogether, findings in this article contribute to the understanding of how signaling processes involved in sperm capacitation are regulated. In addition, the experimental design employed throughout this article open new avenues of investigation to study the behavior of different sperm populations using flow cytometry and cell sorting.
